Background: Variables in epidemiological observational studies are commonly subject to
Introduction
Measurement error is a challenge in many settings in epidemiology. Exposures such as dietary intakes, environmental contaminants, and physical activity are difficult to measure because patterns of exposure are complex and because accurate (unbiased) and precise (with minimal variability) ways to measure many such exposures of interest are either not available or are too impractical to use in a large study. Practical measures for these exposures will contain random deviations from a target exposure, such as a short-term mean dietary intake, due to biological variability or assay error, and also potentially systematic bias, for example from inaccurate selfreported exposures. Here, we refer to both of these kinds of deviations from the target exposure as measurement error; with random error defined as mean zero, independent error and systematic error defined as covariate dependent errors. In some cases, through intensive monitoring and/or better instruments, more accurate and precise measurements that assess the measurement error structure of a study instrument are available in a subset of subjects or from an independent validation study. These reference, or gold standard, measures can inform a method that corrects for the instrument error [1] [2] [3] [4] [5] [6] or a quantitative bias analysis [7] [8] [9] [10] [11] . It is wellestablished in the statistical and epidemiological literature that if the measurement error in an exposure variable is ignored, analyses can be subject to biased estimation and incorrect inference [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] .
Analysis techniques to address exposure measurement error have been the focus of methodologic research in statistics and epidemiology for several decades. These efforts have produced many methodological advances in both analysis techniques and study designs. A number of these methods have been summarized in statistical [1] [2] [3] [4] and epidemiological texts 5, 6 .
Several review papers on how to use existing methods or that compare methods in specific settings have also appeared in the literature [12] [13] [14] [15] [16] . Additionally, there have been many articles appearing in epidemiologic journals advocating that quantitative bias analyses be provided for any analysis that involves error-prone exposure measures [7] [8] [9] [10] [11] . Despite these efforts a surprising number of articles have been published in the biomedical literature with no adjustment in the data analysis and little to no discussion of how measurement error potentially impacted the study results 17 . This has been true even in research areas, such as nutritional epidemiology,
where there is a well-established literature in topic matter journals, instrument-specific software 18 and webinars to make these methods more accessible 19 .
The international STRengthening Analytical Thinking for Observational Studies (STRATOS)
Initiative is a large collaboration of experts in many different areas of biostatistical research that was formed in response to an observation that many methodological advances in statistics are not put to practice and that the design and analysis of observational studies commonly exhibit serious weaknesses 20 . The objective of STRATOS is to provide accessible and accurate guidance documents for relevant topics in the design and analysis of observational studies. The STRATOS Initiative to date has formed working groups in 9 topics: missing data, selection of variables and functional forms in multivariate analysis, initial data analysis, measurement error and misclassification, study design, evaluating diagnostic tests and prediction modeling, causal inference, survival analysis, and high dimensional data.
In this article, we present the results of a literature survey done by the STRATOS Measurement
Error and Misclassification Topic Group (TG4) to assess current practice for handling measurement error in the biomedical literature. We performed literature surveys in four areas of epidemiology where measurement error is a well-known concern: (1) dietary intake cohort studies, (2) dietary population surveys, (3) physical activity cohort studies, and (4) air pollution cohort studies. In the cohort studies, we were specifically interested in analyses of the association between an error prone exposure and outcome, and in the dietary population surveys we were specifically interested in analyses used to estimate the distribution of intake of a dietary component (a nutrient or food). We focused on mis-measured exposures (and not outcomes), because this has been the focus of the majority of statistical methods work, and software, to address measurement error. We present the results of these literature surveys.
We describe whether investigators are using appropriate statistical methods to adjust for or assess the potential effects of measurement error on study results, and to what degree authors do or do not discuss the impact of measurement error on their results. We also describe which methods are used by those who address measurement error in their analysis. We conclude the article with recommendations for how to overcome the short-comings in current practice for statistical analyses, and consequently in the resulting scientific conclusions, in fields where measurement error remains a challenge.
Methods
Overview STRATOS TG4 conducted a literature survey of four research areas: 1) dietary intake cohort studies, 2) dietary intake population surveys, 3) physical activity cohort studies, and 4) air pollution cohort studies. For the three cohort study literature surveys, articles for review were identified by two types of search: A) a search with general search terms related to the topic area and B) a similar search with additional required terms related to measurement error or misclassification. The purpose of search A was to conduct a general review of the topic areas to understand the current practice for how error-prone exposures are handled. Search B, performed only for the cohort studies, was done in expectation that few articles from search A would have a measurement error adjusted analysis. The purpose of search B was to identify articles that in some way did address measurement error or misclassification in the analysis, in order to be able to summarize which methods are currently in use. For dietary cohort studies, using a method to adjust for the mis-measured exposure was required to be eligible for Search B; due to a lack of authors applying measurement error methods, this was not required for the other topic areas. For the dietary intake survey literature, only search A was performed because, while issues of variability around usual intake are appreciated in this setting, the terms misclassification or measurement error are typically not used.
A general protocol that specified the questions to be addressed in the literature review across PRISMA flow diagrams are provided in the Supplemental Tables and Figures  21 .
Dietary Intake Cohort Study
For search A, a literature search with general search terms including "nutritional intake" or "dietary intake" and "cohort" identified tens of thousands of articles. Search A was restricted to the most recent 12 months and a few disease areas for which diet is a well-known exposure of interest, namely one of "cancer", "cardiovascular disease", and "diabetes". Search A also included the term "risk" to try to separate studies of associations between dietary exposures and health outcomes from the many articles considering adequacy of intake for a certain population. The ePub date June 2, 2014-June 2, 2015 captured 51 articles. Search terms are provided in Table 1 .
Search B required the terms "measurement error" or "misclassification" and was expanded to 3 different searches and the previous 15 years in order to identify a target of 30 qualifying articles (criteria in Table 1 
Dietary Intake Survey
Articles were identified in one query in Pubmed with date range: 01/01/2012 -05/31/2015 and search terms that included a variant of the word "nutrition" and terms related to typical dietary intake survey instruments ( Table 1 ). The query returned 2801 articles. Title and abstract review was performed by a single primary reviewer (KWD) on the most recent 717 identified. The review was restricted to surveys whose aim was to describe a population of some geographic region. The first 67 articles identified as within scope were given detailed review; all 67 were confirmed eligible and data were extracted. Supplemental Figure 3 provides the PRISMA flow diagram. A QC sample of 13 papers was randomly selected and reviewed by a second, independent reviewer (LSF).
Physical Activity Cohort Study
For search A, a query in PubMed was performed with date range 07/01/2012 -06/30/2015 and required terms that aimed to narrow the search to prospective cohort studies with physical activity exposures (see Table 1 ). For Search B, terms relating to measurement error and misclassification were added to the query required terms (Table 1) respectively. Reviews were done by a single primary reviewer (JAT) and a QC sample of 10 randomly selected search A and 10 search B articles were reviewed by an independent reviewer (LSF).
Air Pollution Cohort
For search A, a query in Web of Science was performed with date range 01/01/2012 -12/31/2014 and the search terms shown in Table 1 . The search was restricted to prospective cohort studies with health outcomes (e.g. cardiovascular disease, cancer mortality, hospital admissions and respiratory disease) that are often subjects of research on the impact of air pollution on human health. For search B the term "health" was added to the measurement error terms. In addition, a very general search with the terms "measurement error" and "air pollution" was conducted. 
Results
We describe the results of each literature review separately. Tables 2 and 3 summarize the main results for search A and B, respectively.
Dietary Intake Cohort Study
In the general review (search A), 46/51 (90%) of articles analyzed the nutritional intake exposures with no adjustment for measurement error in the analysis. Of the 5 that performed some adjustment, 2 (4%) used regression calibration 1,22 and 3 (6%) used a cumulative average of multiple assessments over time. Most authors (48, 94%) did acknowledge in some way that their exposure was prone to measurement error. Only 31 (61%) mentioned that their reported association corresponding to the error-prone exposure was subject to bias, whereas the remaining articles either made no or a vague reference to errors in the exposure measurement, such as that their instrument had been validated and had an acceptable reliability coefficient, which may or may not have been provided. When measurement error was mentioned, generally an incomplete or false claim was made about its impact on the presented analysis, such as the effect estimates were subject to attenuation bias only or their study was not subject to bias because it was prospective or because their instrument had good reliability. None described adjusting the study design to accommodate the error in the study measurement, i.e.
increasing sample size to offset loss of power. Nearly all articles (50, 98%) categorized their error-prone exposure and 27 (53%) did so exclusively.
For search B, 4 of 31 articles upon detailed review were found not to have addressed exposure error in the analysis and were excluded; 3 reported no method and one reported using only an energy-adjustment method. This latter article was discarded from the eligible search B articles as energy-adjustment methods are generally not considered a formal method to address random or systematic error in the exposure. Thus, 27 articles were included in the reported search B analysis. All but 1 of the articles (96%) used regression calibration to address the error;
one of these articles additionally used SIMEX. For search B articles, there were no explicitly false claims about error, but 44% had an incomplete discussion. Incomplete discussions included failing to mention the limitations of using a reference instrument with errors correlated with those of the main study instrument and failing to acknowledge that calibrating only for within-person variability may have been inadequate due to systematic errors in the main study instrument (such as the FFQ).
Several articles had more than one error-prone exposure in their association analysis. Seventysix percent of search A and 81% of search B articles reported having considered self-reported physical activity as an exposure in a multivariate regression, in addition to the dietary exposure;
none of the search A and 2 (7%) of the search B articles explicitly reported adjusting their analysis for the errors in both the physical activity and nutritional intake exposures. There were 92% (89%) of the search A (B) articles that additionally adjusted for self-reported smoking, generally also considered to be error-prone. None adjusted for errors in the smoking variable.
Dietary Intake Survey
The selected dietary intake survey papers provided analyses addressing one or more of the following themes: 1) investigating differences in measures of central tendency (mean/median) of intake or fraction consuming specific dietary components 2) ranking food/food group contributors to overall diet, and 3) examining the distribution of intake, in particular:
percentiles other than the median, fractions consuming less or more than specified limits (such as a recommended daily intake), and quantities such as a dietary pattern score that are derived from the two former types of statistics.
Most (53/67, 79%) of the articles assessed dietary intake using one or more 24-hour recalls. Of the remaining 14 articles, 3 analyzed diaries/food records, and 11 analyzed FFQs. Of these 14, all but one (13/14, 93%) recognized that the self-report instrument used could be subject to underreporting or bias, but generally (10/13, 77%) such recognition was presented only in the Discussion section of the paper as a limitation. Of the 53 papers concerned with 24-hour recalls, 32 (60%) presented analyses of a single recall (even if multiple recalls were available on some respondents), and 21 (40%) presented analysis including multiple recalls on at least some respondents. Both 1-recall and multi-recall papers were likely (69%/86%) to note that 24-hour recalls could be subject to underreporting/systematic bias due to measurement error. Complex modeling methods are available to estimate the full distribution of usual intake from 24-hour recall data, considering features such as within-subject variability and episodic consumption. [25] [26] [27] [28] [29] [30] These methods can also be used to estimate fractions with usual intake below fixed cutpoints, or distributions of scores ostensibly computed on usual intake. However, these methods
generally cannot be applied when only 1 24-hour recall per respondent is available.
Nevertheless, 10/32 (31%) did present statistics other than the mean, which were subject to bias. By comparison, 15 of the 21 papers with multiple recalls (71%) also presented these types of statistics (though they did not necessarily utilize the complex methods). Half (16/32, 50%) of the 1-recall papers made no mention of within-person variation or usual intake, compared to only 5/21 (24%) of the multi-recall papers. When the 1-recall papers mentioned within-person variation or usual intake, it was often in the context of justifying their analysis on the basis that a single recall can be used to estimate the mean of the usual intake distribution under the classical (independent and unbiased) measurement error assumption. Overall, only 19/67 (28%) used a method to adjust their analyses for measurement error (Tables 2,3) .
Physical Activity Cohort Study
The majority of studies examined in searches A (24, 80%) and B (37, 95%) were prospective cohort studies. A number of different constructs of physical activity were measured in both searches, with the most common being minutes of moderate or vigorous activity (Search A: papers, 13 mentioned bias due to self-report: of these, six mentioned attenuation, five mentioned that physical activity may be overreported, and four hypothesized that the error was most likely non-differential, i.e., not associated with the outcome of interest, and therefore likely to lead to attenuation, though in fact this is not necessarily the case. Only two papers mentioned designing the study to account for measurement error. None of the studies examined had a calibration substudy. In Search A, three studies (10%) included repeated measures, but only to assess change over time, not to address repeatability. In Search A, 37%
(N=11) of the primary analysis regression models also adjusted for nutritional self-report exposures; 10 of these adjusted for alcohol exposure.
In Search B, five papers (13%) mentioned that measurement error was considered in some way in the study design; three of these (8%) had a calibration substudy, and two (5%) had an adjustment for measurement error. Both studies used a form of regression calibration.
Overall, 27 papers (69%) mentioned measurement error as a limitation, and four papers specifically addressed reliability or validity of measures. Of these 27 papers, 21 mentioned bias due to self-report; seven mentioned measurement error may have attenuated the estimated relationship with the outcome; two mentioned that physical activity may be overreported; two mentioned power loss, and two hypothesized that the error was most likely non-differential.
Interestingly, one paper acknowledged their use of questionnaires could result in error and residual confounding, with an unknown magnitude and direction of bias; and that categorization could reduce power, and introduce differential error. 31 Three studies (8%) used repeated measures to assess within-person variability. In Search B, 59% (N=23) of the primary analysis models also included adjustment for nutritional self-report data; all of them adjusted for alcohol.
Air Pollution Cohort Study
In the search A articles, an individual's exposure was predominantly measured at fixed-site monitoring stations (35, 70% ) that recorded data on hourly or daily temporal resolution (30, 60%). Table 4 describes characteristics of the search A articles. In general, measurement error in air pollution cohort studies arises by temporal and/or spatial aggregation of the exposure data from a fixed monitor that is then applied to an individual, limited availability of exposure measurements with temporal and/or spatial variability, and error in the instruments themselves. Fewer than half the papers (23, 46%) mentioned measurement error as a potential problem, and those that did mention it did not describe its sources or its impact on the study results in detail. Four (8%) search A articles used a method to address measurement error in their analysis. One study used a type of regression calibration to account for systematic measurement error in the older of two instruments, but the method was not denoted as regression calibration. Three studies conducted sensitivity analyses. Two (4%) out of all the studies included a subsample in which a reference measure was available enabling examination of measurement error (one for regression calibration and one to measure reproducibility).
In the search B articles identified, the measurement error problem was predominantly only mentioned or discussed, but not formally analyzed. Only 5 (20%) studies applied methods to address the measurement error; all five studies used aggregated exposure values (fixed-site exposure measurements or estimated exposure values). A single study applied an instrumental variable approach to deal with potential measurement error; the authors of the other four studies performed sensitivity analyses to describe the robustness of their results under different assumptions concerning the amount of measurement error present.
Discussion
Dietary intake and physical activity exposures were typically collected using self-reported data, which can be subject to systematic errors dependent on the true value and classical (random) errors independent of the true value. The majority of air pollution studies used fixed-site monitoring stations, which are subject to complex error structures including systematic and classical errors, as above, but also Berkson error (i.e. error that is random and independent of the measured value, but arises due to aggregate rather than individual exposure being measured) 1 . Yet, for the majority of articles reviewed in the prospective cohort studies, there was an inadequate discussion of the impact of measurement error on study results. Several authors made no or only vague discussion of the measurement error, stating only that it was present in the exposure measurement but not being clear on its origin, size, structure or its potential impact on estimated associations. Consideration was also not given to the impact of dichotomizing a continuous error-prone variable, which can be unpredictable depending on the relationship between the unobserved exposure and outcome 32 . Amongst the authors that did discuss measurement error in the context of an association analysis, several incorrectly claimed that attenuation was the only possible direction of bias induced by error. Though for dietary intake exposures, it has been noted that for the predominant direction of bias has been observed to be attenuation, attenuation is not generally guaranteed in multivariable modelseven with only random error 33 . Furthermore, adjusting for multiple error-prone exposures was common and the fact that this can influence the direction of the bias was generally not mentioned in any of the articles reviewed. Authors ignoring errors were also not adjusting their analysis for the level of uncertainty in the exposures, thus overstating the precision of the target association.
In nearly all the studies with multiple error-prone exposures, either no or only one was directly addressed. It was also clear that authors were not fully taking advantage of available information in their study to inform the structure of the measurement error. For example, in many cohort studies and the dietary intake surveys, several authors were not taking advantage of repeat measurements in settings where they could have been used to assess the impact of within-person variation on study estimates. Many also cited validation studies of the exposure instruments utilized in the study, which may have included simultaneous assessment with a reference instrument, and therefore may have been used for calibration.
There were a few topic-specific themes that also arose. In many dietary survey analyses, interest is in "usual intake", defined as long-term average daily intake of a dietary component. 
Conclusion
The presented literature survey reveals that articles with inadequate treatment of exposure measurement error and misclassification in the analysis and discussion of their study results remain commonplace in the literature. We focused on covariates prone to mismeasurement, as this setting has been the dominant focus of existing methods to address measurement error; however, we expect similar problems exist in published analyses that also involve outcomes that are prone to error, for which the naïve analysis is also prone to bias. Investigators, reviewers, editors, and consumers of the literature all have a role to play in improving the quality of observational studies that rely on measures that are subject to systematic and random errors. More attention to these issues needs to be paid at the peer review stage. It is important that reviewers and editors be alert to the problems of measurement error and demand authors give some consideration of its impact in their research article. Further, as consumers of these studies, we need to take care to not cite or use the results of these studies without some acknowledgement of their limitations. It is perhaps only when an incomplete treatment of measurement error threatens the success of publication, that authors will be willing to invest the necessary effort into more fully addressing this limitation of their studies.
With professional outreach, such as the activities of STRATOS that include preparation of a guidance paper on measurement error and misclassification and statistical methods to mitigate their bias, hopefully more investigators will have a better understanding of the impact of instrument bias and measurement error and the possible ways to address them.
Available data will determine which approaches of addressing measurement error are feasible for a given study. At a minimum, authors should state very explicitly the assumptions they are making about the structure of measurement error and the possible impact of those errors on their results. Using more formal analytical methods to adjust statistical analysis for measurement error generally require additional information, such as a reference instrument (unbiased measure of exposure on a subset). In some cases, repeat measurements are available on at least a subset of subjects, from which authors could consider to adjust analyses for within-person variability. If not available, sensitivity analyses, or bias analyses, can generally still be conducted to explore the potential impact of measurement error on study results and main conclusions. [7] [8] [9] [10] [11] Oftentimes there is at least some information about measurement properties of an instrument, such as from previous validation or reliability study, that can be used as a starting point for sensitivity analyses. In short, the current practice for presentation of results from studies with appreciable measurement error in the principle exposure measurement(s) needs to improve and in many studies this could be achieved using readily available resources and methods. ((((((((( (((cardiovascular disease[Title] a Articles were categorized as to whether they had categorized at least one dietary intake exposure in the statistical analysis (Any) and whether all analyses were done with categorized intakes (Exclusively). b GLM: generalized linear model; HR: hazard ratio; ME: measurement error; OR: odds ratio; RR: relative risk. Table 4 Characteristics of articles reviewed for the Air Pollution Search A Survey (N=50). Studies included in quantitative synthesis (meta-analysis) (n = 25)
